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Summary 
During vertebrate limb development, the ectoderm di- 
rects the dorsoventral patterning of the underlying 
mesoderm. To define the molecular events involved 
in this process, we have analyzed the function of 
WNT7a, a secreted factor expressed in the! dorsal ecto- 
derm, and LMXl, a LIM homeodomain transcription 
factor expressed in the dorsal mesenchyme. Ectopic 
expression of Wnf7a is sufficient to induce and main- 
tain Lmxl expression in limb mesenchyme, both in 
vivo and in vitro. Ectopic expression of Lmx7 in the 
ventral mesenchyme is sufficient to generate double- 
dorsal limbs. Thus, the dorsalization of limb meso- 
derm appears to involve the WNT7a-mediated induc- 
tion of Lmxl in limb mesenchymal cells. 
Introduction 
A central problem in the field of vertebrate development 
is the resolution of the mechanisms involved in the pat- 
terning of embryonic tissues. Studies of embryonic limb 
patterning have provided considerable insight into the 
general strategies used to establish axial polarity in verte- 
brate embryos (for review see Johnson et al., 1994). The 
vertebrate limb develops along three primary axes: antero- 
posterior, dorsoventral (DV), and proximodistal. Recent 
studies have provided information on the molecular bases 
of anteroposterior and proximodistal limb patterning (Rid- 
dle et al., 1993; Niswander et al., 1993, 1994; Fallon et 
al., 1994; Laufer et al., 1994) but the mechanisms involved 
in establishing pattern along the DV axis of the limb remain 
less defined. The cellular interactions that impose DV po- 
larity on the limb mesoderm have been examined by clas- 
sical grafting experiments (MacCabe et al., 1974; Pautou, 
1977; Geduspan and MacCabe, 1987,1989). Rotation of 
the limb bud ectoderm along the DV axis induces a corre- 
sponding inversion in the pattern of mesodermallyderived 
structures. The dorsal ectoderm acquires this signaling 
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capacity prior to limb bud outgrowth and maintains it until 
well after limb bud formation. Thus, the ectoderm main- 
tains a memory of its prior DV position and instrlucts the 
underlying mesoderm during limb outgrowth. 
A member of the WNT family of secreted proteins, 
WNT7a, has been identified as an ectodermally derived 
signal involved in the regulation of DV limb pattern. Wnt7a 
is expressed selectively in the dorsal ectoderm of the limb 
bud in mouse (Gavin et al., 1991; Parr et al., 19!93) and 
chick (Dealy et al., 1993). Loss of WNT7a function in mice 
results in the transformation of dorsal limb strucl:ures to 
a more ventral fate (Parr and McMahon, 1995), showing 
that WNT7a is required for aspects of dorsal patterning 
in the limb. It is unclear, however, whether WNT7a activity 
is sufficient to establish dorsal mesodermal fate in the limb. 
The mechanisms through which the mesoderm re- 
sponds to ectodermally derived signals, and how the resul- 
tant DV positional information is organized within the 
mesoderm, also remain unclear. Graded positional values 
could be established in response to signals emanating 
from the ectoderm. Alternatively, by analogy to the strat- 
egy used to establish DV pattern in insect appendagges (for 
review see Blair, 1995) the vertebrate limb bud mesoderm 
might initially be divided simply into distinct domal and 
ventral domains. The identification of genes that exhibit 
DV restrictions in the embryonic limb mesoderm might 
therefore be informative in resolving the mechanisms of 
DV patterning and would also provide candidate effecters 
of ectodermally derived patterning signals such as Wnt7a. 
Members of several families of transcription factors 
have been implicated as regulators of embryonic paltern in 
both vertebrate and invertebrate development. One such 
family, the LIM homeobox genes, encodes proteins with 
a pair of cysteine-histidine-rich LIM domains and a ho- 
meodomain (for reviews see Sanchez-Garcia ancl Rab- 
bitts, 1994; Dawid et al., 1995). LIM homeobox genes ap- 
pear to function as regulators of cell fate in a varliety of 
different tissues and organisms (Way and Chalfie, 1988; 
Freyd et al., 1990; Karlsson et al., 1990; Tsuchida et al., 
1994; Taira et al., 1994; Lundgren et al., 1995; Shawlot 
and Behringer, 1995). In particular, the Drosophila LIM 
homeobox gene aprerous is restricted to the dorsal com- 
partment of the wing disc and is required for DV cornpart- 
mentalization and for the specification of dorsal cell fates 
(Cohen et al., 1992; Diaz-Benjumea and Cohen, 1993; 
Williams et al., 1993; Blair et al., 1994; Blair, 1995). 
In this paper, we show that a vertebrate LIM homeobox 
gene, Lmx7 (German et al., 1992), is expressed selectively 
by dorsal mesenchymal cells within the limb. We demon- 
strate that WNT7a activity is sufficient to dorsalize vlentral 
limb mesenchyme, as assessed by induction of expres- 
sion of Lmxl. Moreover, ectopic expression of Lmxl in 
ventral mesenchyme induces dorsal pattern duplications. 
These results show that WNT7a signaling is sufficient to 
mediate the dorsalizing activity of the surface ectoderm 
and suggest that expression of Lmxl in response to 
WNT7a establishes dorsal pattern in the vertebrate limb. 
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Results 
Wnt7a and Lmxl Are Expressed in Adjacent Ectoder- 
mal and Mesodermal Domains of the Limb 
In mice, the Wnt7a gene is required for complete dorsaliza- 
tion of the limb mesoderm (Parr and McMahon, 1995). In 
chick embryos, the ability of the limb ectoderm to direct 
the DV patterning of the adjacent mesoderm is established 
in the prelimb ectoderm by stage 16 (Geduspan and Mac- 
Cabe, 1987, 1989). To begin to examine the role of Wnt7a 
in the patterning of the chick limb, we first determined 
whether the onset of expression of Wnt7a in the ectoderm 
coincides with the acquisition of its dorsalizing activity. 
The timing of Wnt7a expression during chick hindlimb de- 
velopment was examined by in situ hybridization histo- 
chemistry. Wnt7a mRNA was first detected in the prelimb 
ectoderm at stage 15, and expression continued until at 
least stage 23 (Figure IA; data not shown). Thus, expres- 
sion of Wnt7a coincides temporally with the stages at 
which the limb ectoderm has been shown to direct pat- 
terning along the DV axis of the limb mesoderm. 
Members of the LIM homeobox gene family are ex- 
pressed in diverse neural, mesodermal, and ectodermal 
cell types and define cell position and fate (for reviews 
see Sanchez-Garcia and Rabbitts, 1994; Dawid et al., 
1995). We have analyzed the pattern of expression of sev- 
eral LIM homeobox genes in the developing chick limb 
and observed that a homolog of the hamster Lmxl gene 
(German et al., 1992) is expressed at high levels in the 
dorsal mesoderm of the limb bud (Figure 1B). Several 
other LIM homeobox genes, including /s/l, /s/2, and LH- 
28, are also expressed by cells in the developing limb 
bud, but do not exhibit clear DV restrictions (data not 
shown). We therefore analyzed the timing and pattern of 
expression of Lmxl with respect to that of Wnt7a and to 
the establishment of DV limb polarity. 
Lmxl transcripts were first detected in the mesenchyme 
of the hindlimb (Figure 1 B) and forelimb (data not shown) 
at stage 15, the same stage that Wnt7a was first detected 
in the ectoderm (Figure 1A; data not shown). At stage 17, 
the expression of Lmxl was confined to the region of limb 
mesoderm adjacent to the prospective dorsal ectodermal 
domain that expressed Wnt7a (Figure 1B). At stage 21, 
when the dorsal restriction of Wnt7a was evident in the 
limb ectoderm, Lmxl expression was confined to dorsal 
mesenchymal cells in the limb, with a sharp boundary in 
Lmxl expression at the border between dorsal and ventral 
mesenchyme (Figure 1 B). The dorsal expression of Lmxl 
persisted until stage 29, the latest time examined (Figure 
1 B; data not shown). At these late stages, Lmxl expres- 
sion was excluded from cells in the dorsal mesenchyme 
that had begun the process of chondrification (data not 
shown). Lmxl exhibited a similar dorsal restriction in its 
expression in the forelimb bud (data not shown). Thus, 
the onset and pattern of expression of Lmxl in the limb 
bud mesoderm follows closely that of Wnt7a in the ecto- 
derm and defines a dorsal mesenchymal domain within 
the limb bud. 
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Figure 1. Spatial and Temporal Relationship Between Wnt7a and Lmxl 
Expression 
Sequential paraffin sections of chick hindlimbs from stages 14-23 
were hybridized with a probe against Wnth (A) or Lmxl (B). Wnt7a 
is first expressed in the dorsal flank ectoderm between stages 14 and 
16 and, more intensely, in the dorsal limb bud ectoderm commencing 
at the same stages. Lmxl expression begins between stages 14 and 
16 in the dorsal limb bud mesenchyme. Lmxl is also expressed in the 
trunk dorsal ectoderm, the mesonephros, and from stages 14-16, in 
the notochord and presumptive gut endoderm. The expression of Lmxl 
by the notochord disappears 200 pm rostra1 to the hindlimb. Lmxl 
expression in the neural tube at hindlimb levels is uniform at stage 
14, but becomes progressively restricted to the roof plate, floor plate, 
and a subset of dorsal neurons. Lmxl continues to be expressed 
throughout the dorsal half of the limb bud until the onset of chondrogen- 
esis, at which point it is excluded from the differentiating core of the 
limb bud (data not shown). 
Misexpression of WNT7a Induces Ectopic 
Lmxl Expression 
To determine whether WNT7a is able to induce dorsal 
properties in limb mesenchymal cells, we first used a ret- 
roviral vector (Hughes et al., 1987) to express Wnt7a 
throughout the limb bud ectoderm and assayed the re- 
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Figure 2. Alteration in Mesodermal Gene Expression in Limb Buds 
Following Wnt7a Misexpression 
(A) Infection at stage 10 with RCAS-Wnt7a results in the expression 
of the transgene predominantly in the limb ectoderm, as shown by 
antibody staining using an anti-viral envelope monoclonal antibody 
(Morgan et al., 1992). In many cases, the entire ectoderm of the in- 
jected limb bud is infected. Variable degrees of infection of the subja- 
cent superficial mesoderm were obtained (data not shown). 
(B) Induction of Lmxl RNA expression by WNT7a. Whole-mount in 
situ hybridization with an Lmxl probe shows either uninfected (left) 
or infected (right) stage 24 limb buds, viewed from the apical tip of 
the limb; dorsal is to the left, and the anterioposterior axis is vertical. 
(C) Induction of LMXl protein by WNT7a. Antibody Qaining directed 
against LMXl shows a pattern of staining similar to Lmxl mRNA ex- 
pression detected by in situ hybridization in both uninfected (left) and 
infected (right) limb buds. Sixteen infected limb buds were assayed 
and showed ventral Lmxl induction by either in situ hybridization of 
RNA or immunodetection of protein. 
(D) Sections of limb buds showing Lmxl staining in the dorsal meso- 
derm of uninfected limbs (left) and in both the dorsal iand ventral limb 
bud in Wnt7a-infected limbs (right). By stage 25, both endogenous 
and ectopic Lmxl expression are excluded from the central core of 
the limb bud. 
suiting pattern of expression of Lmxl mRNA and protein. 
Virus was injected at stage 10 between the vitelline mem- 
brane and the external surface of the ectoderm in the pre- 
sumptive hindlimb region. In embryos analyzed up to 
stage 24, this procedure resulted primarily in the infection 
of the ectoderm of the limb (Figure 2A) and flamk (data 
not shown). In infected embryos examined at stages 22- 
24, Lmxl was expressed ectopically in the venltral limb 
mesoderm, adjacent to the region of infected ectoderm 
(Figures 2B-2D). Ectopic expression of Lmxl, however, 
was restricted to the distal region of the ventral lilmb mes- 
enchyme (Figure 2D). Moreover, Lmxl expression was 
not detected in the flank mesoderm, despite ecitopic ex- 
pression of WNT7a in the flank ectoderm (data not shown). 
Sections through distal regions of infected limbs showed 
that the level of expression of Lmxl ventrally wa:s similar 
to that of endogenous Lmxl expressed in the dossal mes- 
enchyme (Figure 2D). This result shows that WNT7a can 
initiate dorsal-specific gene expression in the underlying 
limb mesoderm. 
WNT7a Signaling Is Sufficient to Maintain and Induce 
Lmx7 Expression In Vitro 
The ability of WNT7a to induce Lmxl expression in ventral 
limb mesoderm in vivo leaves open the possibility that the 
dorsal and ventral limb ectoderms provide other essential 
signaling molecules that cooperate with WNT7a to initiate 
dorsal gene expression. In addition, since WNT signaling 
appears to operate locally, over a few cell diameters at 
most (Gonzales et al., 1991; Nusse and Varmus, 1992), 
the expression of Lmxl by cells throughout the dorsal half 
of the limb mesoderm suggests that mesenchymal cells 
that have earlier been exposed to a WNT7a signal might 
autonomously maintain this expression. To examine 
whether WNT7a signaling is sufficient to induce Lmxl and 
to provide information on the stable inheritance of Lmxl, 
we developed an in vitro assay to monitor Lmxl expression 
in limb mesenchyme. 
Stage 20-21 limb buds were grown for 36 hr in vitro in 
the presence or absence of the surrounding limlb ecto- 
derm. In the presence of the ectoderm, the pattern Iof Lmxl 
expression resembled that detected in vivo: Lmxl+ cells 
were restricted to the dorsal half of the limb mesenchyme 
and were found at all proximodistal locations (Figures 3A 
and 3B). In contrast, when the limb bud mesenchylme was 
grown in the absence of surrounding ectoderm, dorsal 
Lmxl expression was still detected proximally(Figure 3C), 
but no Lmxl+ cells were detected distally (Figure 30). 
These results provide evidence that proximal limb Imesen- 
chymal cells maintain expression of Lmxl without tlhe con- 
tinuous provision of signals from the ectoderm. T,he loss 
of Lmxl expression by distodorsal mesenchymal cells de- 
prived of the ectoderm, however, suggests that dorsal 
mesenchymal cells acquire autonomy of Lmxl expression 
only after a significant period of exposure to ectodermally 
derived signals. Finally, the absence of Lmxl expression 
in ventral mesenchymal cells deprived of ectoderrn (data 
not shown) suggests that the ventral ectoderm does not 
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proximal 
Figure 3. Requirement of Dorsal Ectoderm for Lmxl Expression in 
Dorsal Mesoderm 
(A) lmmunofluorescence micrograph showing Lmxl expression in the 
nuclei of cells in the proximal region of the dorsal limb mesenchyme 
under conditions in which the limb bud was grown for 36 hr in the 
presence of the surrounding ectoderm (ect). Dorsal is upward, and 
proximal is to the left. Images in (A)-(D) show only the dorsal region 
of the limb. 
(6) lmmunofluorescence micrograph showing Lmxl-expressing cells 
in the most distal region of the dorsal limb mesenchyme grown in vitro 
as in (A). 
(C) lmmunofluorescence micrograph showing that the expression of 
Lmxl is maintained in cells in the proximal region of the dorsal limb 
mesenchyme under conditions in which the limb bud is grown in vitro 
for 36 hr in the absence of the surrounding ectoderm. Dorsal is upward, 
and proximal is to the left. 
(D) lmmunofluorescence micrograph showing the absence of Lmxl 
expression in cells in the distal-most region of the dorsal limb bud 
mesenchyme grown in vitro as described in (C). At the time of dis- 
section, dorsal mesenchymal cells at all proximodistal regions ex- 
press Lmxl. 
Similar results have been obtained in 30 explants in three separate 
experrments. Scale bar, 50 urn. 
provide a signal that represses Lmxl expression in the 
ventral mesoderm. 
Given these results, we examined whether WNT7a sig- 
naling is sufficient to maintain expression of Lmxl in disto- 
dorsal mesenchymal ceils and to induce Lmxl in ventral 
mesenchymal cells. Limb bud mesenchyme deprived of 
ectoderm was grown for 36 hr on 15Bl chick embryo fibro- 
blasts or on the same cells transfected with a RCAS- 
Wnt7a vector, which is unable to infect the limb mesen- 
thyme used in these explants (see Experimental Pro- 
cedures; Fekete and Cepko, 1993; Riddle et al., 1993). 
Dorsal limb bud mesenchyme grown on Wnr7a-expressing 
15Bl cells expressed Lmxl at all proximodistal positions 
(Figure 4B), whereas equivalent explants grown on un- 
transfected 15Bl cells did not retain dorsal Lmxl expres- 
sion distally (Figure 4C). This result provides evidence 
that WNT7a is sufficient to maintain Lmxl expression in 
distodorsal mesenchymal cells. In addition, cells in the 
ventral mesenchyme distally, but not proximally, now ex- 
pressed Lmxl (Figure 48). This finding provides evidence 
that WNT7a is sufficient to induce Lmxl expression in 
competent, undifferentiated ventral mesenchymal cells. 
The absence of induction of Lmxl in proximoventral cells 
suggests that, as in vivo (see Figure 2D), more mature 
ventral cells have lost the competence to respond to 
WNT7a. 
Taken together, these results provide evidence that 
WNT7asignaling is sufficient to induce and maintain LmXl 
expression in competent limb mesenchymal cells. 
Ventral Expression of Lmxl induces Double-Dorsal 
Limb Pattern 
Lmxl is induced by WNT7a and thus could be involved 
in mediating the effects of WNT7a on DV limb patterning. 
To test this possibility, we constructed a RCAS-Lmxl ex- 
pression vector (Hughes et al., 1987), injected this virus 
into the limb primordium of stage 8-10 embryos, and ana- 
lyzed the resulting limb bud morphology at stage 37. 
Two classes of limb phenotype were obtained in in- 
fected embryos. Most frequently, a change in morphology 
in the foot was observed. The feet of wild-type embryos 
curl ventrally, whereas the feet of Lmxl-infected embryos 
were hyperextended and planar (Figure 5A). More rarely, 
we observed ectopic digits emerging from the anterior 
margin of the limb. Combinations of these two phenotypes 
were observed. 
Histological analysis of RCAS-Lmxl-infected embryos 
showed that limbs that exhibited severe morphological al- 
terations had double-dorsal characteristics (Figure 5B). 
The dorsalization of the ventral limb was most evident in 
the tarsal region (Figure 58, second and third rows) where 
the ventral muscles and tendons were repatterned such 
that they resembled closely the pattern of muscles and 
tendons found dorsally. At the more distal tips of the foot 
(Figure 5B, fourth row), the number of tendons was lower 
than that normally observed in the ventral phalange. In 
addition, the sheath that normallycontainsventral tendons 
was absent (Figure 5B). In many instances, a striking mir- 
ror-image symmetry was detected in cross section. 
As discussed above, we found that maintenance of 
Lmxl expression is independent of ectodermal signals in 
proximal regions of the limb. Since LMXl is a transcription 
factor (German et al., 1992), we investigated the possibility 
that Lmxl might stablize its own expression and mediate 
its dorsalizing effects, in part, by positive autoregulation. 
The Lmx7 viral construct used for infection does not con- 
tain a large portion of the 3’ untranslated region, and we 
therefore assayed for the expression of endogenous Lmxl 
in the ventral limb by in situ hybridization histochemistry 
using3 probes. Although thevirallytransduced Lmxl tran- 
script was easily detected in the ventral limb mesoderm, 
induction of endogenous Lmxl was not detected in ventral 
cells (data not shown). Thus, LMXl does not appear to 
autoregulate positively its own expression. 
LMXl Elicits Anteroposterior Limb Duplications and 
Induces Anterior Sonic hedgehog Expression 
In a small percentage of Lmxl-infected limbs (5%-30% 
depending on the viral titer and the amount injected), ec- 
topic outgrowths were observed in the anterior region of 
the limb bud (Figure 6A), and tissue in these regions devel- 
oped into extra digits (Figures 6A and 6B). Frequently, 
such limbs contained digits with reversed anteroposterior 
polarity (Figure 6B). These limbs showed some similarities 
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+ ectoderm : 1581 - ectoderm : 15BVWht-7a - ectoderm : 1581 Figure 4. WNT7a Is Sufficient to Induce and 
Maintain Lmx7 Expression in Undifferentiated 
Limb Mesenchymal Cells 
(A) Low power immunofluorescen~ce micro- 
graph of a section through a limb bud showing 
Lmxi+ mesenchymal cells at all proximodistal 
positions. The limb bud mesoderm was grown 
for 36 hr on untransfected 1581 fibroblasts in 
the presence of the surrounding ectoderm. 
Dorsal is upward, and proximal is to the left. 
(6) Low power immunofluorestence micro- 
graph of a section through limb bud mes- 
enchyme that had been stripped of the 
surrounding ectoderm and grown on Wnf7a-transfected 1581 cells. Dorsal Lmxl+ mesenchymal cells are apparent at all proximodistal positions. 
In addition, ventral mesenchymal cells at distal positions express Lmxl. 
(C) Low power immunofluorescence micrograph of a section through a limb bud stripped of the surrounding ectoderm that had been grown on 
untransfected 1581 cells. Expression of Lmxl in dorsal mesenchymal cells is apparent in proximal but not distal mesenchymal cells. 
In (A)-(C), the white lines indicate the approximate position of the DV border of the limb mesoderm. Similar results were obtained in 20 explants 
in two separate experiments. Scale bar, 125 urn. 
to those observed following anterior transplantation of the Polarization of anteroposterior limb elements has been 
zone of polarizing activity @‘PA) or of cells expressing attributed to the activity of Shh (Riddle et al., 19!33). We 
Sonic hedgehog (Shh) (Saunders and Gasseling, 1968; therefore analyzed Shh expression at stages 20-26 in 
Riddle et al., 1993). With Lmxl misexpression, however, Lmxl-infected limbs that exhibited ectopic outgrowths, 
ectopic digits arose from a variety of points along the ante- Shh was induced ectopically in these limbs, with its expres- 
rior limb margin, including locations more proximal than sion restricted to regions directly under the apical ectoder- 
those detected after ZPA-induced duplications (Figure 66; mal ridge (AER), frequently at the proximal border of the 
data not shown). tissue expansion (Figure 6C). Analysis of the presence of 
B Wild TVDe Lmx- 1 Infected 
Figure 5. Ectopic Lmxl Expression Dorsalizes the Falot 
(A) El .5 (stages 6-10) embryos were injected with RCAS-Lmx7 in the region of the embryo that will give rise to the right hindlimb (Morgan et al., 
1992) and harvested on day 11. The feet of infected embryos are hyperextended compared with the contralateral limb. Using our infection protocol, 
the Lmxl virus remains confined to the injected limb bud and does not typically spread to the contralateral side (data not shown). The left panel 
shows a side view of the hyperextension of the infected limb. The right panel is a ventral view of the infected foot, showing its extenlded and 
splayed nature. The bumps along the ventral surface of the infected limb are the digits and not the footpads that are normally present. Cut of 70 
injected embryos, 30 produced planar feet; 4 were assayed histochemically as shown in (B). 
(6) Histological analysis of Lmxl-infected limbs. Although the dorsal muscles and tendons appear normal in infected limbs, in many cases, the 
ventral muscles and tendons are respecified to mirror ihe dorsal pattern. The lines on the drawing of a chick foot correspond to the level of section. 
The first and second columns represent wild-type foot: the third and forth columns represent the Lmxl-infected limb. Sections of 12 urn were 
stained with Mallorey’s trichrome (Humason, 1972). The tracings to the right of each histological section are color coded to highlight the muscle 
and tendon patterns. Green corresponds to tendons in an arrangement normally found in the dorsal limb, red to muscles in a pattern normally 
found in the dorsal limb, pink to ventral muscles, yellow to ventral tendons, and grey to tendons in an infected limb in positions atypical relative 
to either normal dorsal or normal ventral pattern. The light blue corresponds to bone. In all sections, dorsal is up and anterior is to the left. 
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Figure 6. LMXI Can Induce Sonic hedgehog and Anteroposterior Du- 
plications 
(A) At stage 9, the limb primordium was injected with WAS-Lmxl 
and harvested at stage 29. The limb bud shows a clear mirror-image 
symmetry. The more anterior bulge is never seen in control limbs. 
(6) A similarly infected limb was harvested at day 11 and then stained 
for cartilage as described previously (Riddle et al., 1993). Normally, 
chick hindlimbs have four digits. Ectopic Lmxl induced additional well- 
formed digits. From anterior to posterior, the most anterior spur, adja- 
cent posterior digit, and widened digit are all ectopic condensations. 
Duplications show variability in the number of additional digits, the 
extent of digit formation, and their location of origin along the DV 
margin. 
(C) A Lmxl-infected limb was harvested at stage 24 and processed 
for whole-mount in situ hybridization using a probe for Shh. The label- 
ing along the posterior margin corresponds to the expression of endog- 
enous Shh in the ZPA. The anterior labeling corresponds to induced 
ectopic Shh. The AER has extended proximally, terminating at the 
location of the ectopic zone of Shh expression. The induction of Shh 
was detected in five infected limbs, chosen for analysis because they 
displayed anterior duplications. 
viral mRNA revealed that ectopic Shh expression, tissue 
outgrowth, and digit duplications were observed only in 
sparsely infected limbs (data not shown). 
Misexpression of WNT7a Perturbs 
Dorsoventral Patterning 
WNT7a appears to mediate the dorsalization of limb mes- 
enchyme and induces ectopic expression of Lmxl. We 
therefore tested whether the early changes in gene ex- 
pression induced by ectopic Wnt7a expression in vivo are 
also accompanied by later changes in differentiated phe- 
notype and morphology when examined at stage 37. By 
these late stages of limb development, the Wnt7a virus 
had invariably spread into the mesenchyme and Wnt7a 
expression persisted well after the loss of expression of 
the endogenous gene. Possibly for these reasons, the 
morphological consequences of Wnt7a misexpression 
were more difficult to interpret than those elicited by Lmxl 
misexpression. 
The most consistent phenotypes observed were a 
change in the DV flexure of the limbs at the level of the 
ankle and hip and a shortening of the distal skeletal ele- 
ments (data not shown). However, the changes in flexure 
appear to be due to gross malformations in muscle mor- 
phogenesis rather than reversals in DV pattern. Histo- 
logical analysis of limbs mildly infected with Wnt7a 
virus showed perturbed ventral muscle pattern, including 
changes in the size, shape, orientation, and attachment 
sites of the ventral muscle bundles (data not shown). In 
contrast, the size and pattern of dorsal muscles appeared 
to be normal. Thus, expression of Wnt7a in ventral ecto- 
derm perturbs the patterning of ventral mesoderm, but 
does not confer any obvious dorsal pattern. With greater 
spread of infection of the Wnt7a virus into the mesen- 
thyme, grossly deformed limbs were obtained, and these 
were not analyzed further. 
Studies in mice have shown that the ectodermally derived 
signaling molecule WNT7a is required for the establish- 
ment of normal dorsal pattern in the limb mesoderm (Parr 
and McMahon, 1995). The present findings extend this 
observation in two ways. First, we show that WNT7a sig- 
naling is sufficient to induce dorsal properties in limb mes- 
enchymal cells, suggesting that the inductive properties 
of the limb ectoderm can be accounted for solely by 
WNT7a and that the mesoderm is the direct target of 
WNT7a signaling. Second, we show that the LIM homeo- 
box gene Lmxl is a target responsive to WNT7a in the 
dorsal mesenchyme and that misexpression of Lmxl is 
sufficient to dorsalize ventral mesenchymal cells. These 
results provide evidence that LMXl mediates the dorsal- 
izing actions of WNT7a in the patterning of the limb 
mesoderm. 
LMXl Induction in Response to WNT7a 
Lmxl expression is first detected in the prospective limb 
mesenchyme at the same stage that Wnt7a transcripts 
begin to be expressed in the overlying ectoderm. Thus, 
induction of Lmxl in vivo appears to be a rapid response 
to WNT7a signaling. In vivo, ectopic expression of Wnt7a 
in the ventral ectoderm leads to the acquisition of dorsal 
properties by the ventral mesoderm as assessed by induc- 
tion of Lmxl. In vitro, Wnth expression in fibroblast cells 
can induce Lmxl expression in ventral mesenchymal 
cells. Although these experiments do not exclude the pos- 
sibility that WNT7a induces the secretion of a distinct dor- 
salizing factor both in ectodermal cells in ovo and in fibro- 
blasts in vitro, collectively, they can be explained most 
simply on the basis that WNT7a acts directly on limb mes- 
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enchymal ceils and mediates the Lmxl-inducing activity 
of the dorsal ectoderm. 
Changes in Limb Pattern Following Misexpression 
of Lmxl and Wnt7a 
If LMXl is involved in dorsalization of the limb mesoderm, 
we reasoned that misexpression of Lmxl itself might pro- 
duce changes in limb pattern. Strikingly, ventral misex- 
pression of Lmxl led to the replacement of the normal 
ventral pattern of muscles and tendons with a dorsal-like 
pattern, with many embryos exhibiting a mirror-image 
symmetry of distal structures. These results provide evi- 
dence that LMXl is involved in dorsalization of the meso- 
derm and indeed is sufficient to elicit dor.sal pattern in 
distal regions. 
However, the proximal regions of Lmxl-infected limbs 
did not display any obvious alterations in DV patterning. 
This is likely to reflect a limitation in the ability to misex- 
press Lmxl in a sufficient widespread manner early in 
limb development. Complete viral infection of limbs is first 
achieved at stage 22, with only partial expression of trans- 
duced genes evident at earlier stages (Morgan et al., 
1992). This was directly examined in 26 limb buds injected 
with the Lmxl virus between stages 8 and 10. None of 
these showed complete infection at stage 20 (data not 
shown). Moreover, experiments in which the limb bud ec- 
toderm has been rotated along the DV axis at stage 22 
have demonstrated that, by this time, proximloventral cells 
are committed to a ventral fate (MacCabe et al., 1974). 
Thus, in our experiments, widespread Lmxl expression 
is not likely to be achieved early enough to affect proximal 
limb elements. Nevertheless, given the early expression 
of Lmxl in the dorsal mesoderm, we favor the hypothesis 
that LMXl normally has an equivalent role in the patterning 
of more proximal mesodermal structures. Ahernatively, it 
is possible that other factors play a predominant role in 
mediating DV patterning in the proximal limb. 
The stage at which proximoventral cells become refrac- 
tory to induction of Lmxl by WNT7a may define the point 
at which DV pattern in the proximal mesenchyme is fixed. 
This may correspond to the point at which cells leave the 
distal region of the limb bud, the progress zone (for review 
see Tabin, 1995). The maintenance of cells within the prog- 
ress zone in a state that is uncommitted with respect to 
their proximodistal identity is thought to be imediated by 
fibroblast growth factors (FGFs) secreted by the overlying 
AER (Niswander et al., 1993; Fallon et al., 1994). Thesame 
signals could, therefore, be responsible for maintaining 
the plasticity of cells in the progress zone with respect to 
their DV positional fate. 
Ectopic Lmxl expression also appeared to affect some 
aspects of the DV pattern of the limb ectoderm. In RCAS- 
Lmxl-infected limbs, a reduction or absence of ventral 
foot pads was observed in hyperextended fejet, although 
dorsal feather buds were not observed in the ventral side 
of the limb (data not shown). The influence of L.mx7 misex- 
pression on ectodermal patterning could reflect signals 
transmitted from the dorsalized ventral mesoderm to the 
adjacent ventral ectoderm, since epidermal--mesenchy- 
mal interactions are known to be critical for the formation of 
ventral foot pads and feathers. The lack of ectopilc feather 
buds ventrally may reflect a need for an Lmxl-independent 
signal from the mesoderm or may reflect a level of auton- 
omy in the ventral ectoderm (for review see Chuong, 
1993). 
The change in limb pattern observed in response to 
Wnt7a misexpression was less clear than that obtained 
after Lmxl misexpression. The complexity of the Imorpho- 
logical phenotype observed in response to WNT7a may 
derive from the inappropriate temporal and spatial expres- 
sion of the gene in mesodermal cells. A severe dilsruption 
in limb morphology has also been observed when Wntl 
is misexpressed during limb development in the mouse 
(Zakany and Duboule, 1993). Thus, the inappropriate acti- 
vation of other WNT signaling pathways by Wnt7a may 
obscure clear transformations in DV pattern in limbs where 
the mesenchyme becomes infected. The question re- 
mains why a more obvious dorsal muscle pattern was not 
observed in limb buds in which infection was restricted 
superficially. It is possible that under conditions in which 
the virus is restricted to the ectoderm and analysis con- 
fined to adequately formed limbs, the ventral melsoderm 
is exposed to insufficient levels of WNT7a signal. 
LMXl Can Induce Shh and Limb Duplications 
Ectopic expression of Shh was detected in some LMXI- 
infected limbs. The misexpression of Shh suggests an ex- 
planation for the observed growth and polarity of the extra 
digits obtained (Riddle et al., 1993). However, the reason 
for the ectopic induction of Shh itself remains unclear. It 
is striking that limbs in which ectopic expression of Shh 
was detected were invariably lightly infected, and we con- 
sistently detected small patches of virus proximal to sites 
of ectopic Shh. Moreover, preliminary results indicate that 
it is possible to induce a higher percentage of duplications 
by injection of Lmxl virus into a small region of the limb 
bud (data not shown). It is possible therefore that ectopic 
Shh induction results from the action of signals that are 
generated locally as a result of the juxtaposition of Lmxl- 
expressing and Lmxl-nonexpressing mesenchymal cells. 
Since ectopic Shh was only observed near the AER, these 
signals would only be effective in inducing Shh in the con- 
text of an AER-derived signal, possibly an FGF. In support 
of this idea, Yang and Niswander (1995) and Parr and 
McMahon (1995) have reported that both WNT7a and FGF 
signaling are necessary for high level Shh expression. 
However, Shh was not detected in limb mesenchymal cells 
that themselves express WNT7a ectopically; thus, IkVnt7a 
appears necessary but is not sufficient to induce Shh 
within the limb mesenchyme. 
Distinct Dorsal and Ventral Domains in the Limb 
Prior to overt limb bud formation, Lmxl expression ap- 
pears to subdivide the limb field into prospective dorsal 
and ventral domains. These distinct domains are evident 
over a considerable time period, possibly until the cells 
are committed to a distinct tissue type. These findings 
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suggest four features of the normal establishment of DV 
pattern in the limb. 
First, the observation that WNT7a induces Lmxl ex- 
pression in the limb mesenchyme but not in the adjacent 
flank mesoderm indicates that by stages 14-l 5 the limb 
mesenchyme has acquired, selectively, the competence 
to respond to WNT7a signaling. Second, our results show 
that DV distinctions in the mesoderm are established prior 
to overt limb bud formation, providing direct support for 
the earlier suggestion of Geduspan and McCabe (1987). 
Third, a graded pattern of gene expression along the DV 
axis of the mesoderm does not appear to be required for 
initiatingacomplexdorsal morphology:endogenousLmxl 
is not graded in its expression, and retroviral infection does 
not confer expression of Lmxl in an obvious positionally 
graded manner. Rather, the undifferentiated limb bud ap- 
pears to be organized into simple dorsal and ventral do- 
mains delineated by the presence or absence of Lmxl 
expression. Fourth, our results, togetherwith those of Parr 
and McMahon (1995), suggest that the “ground state” of 
the limb mesoderm isventral in character and is subverted 
by the influence of dorsal signal(s). The dorsal ectoderm 
appears to confer specific dorsal fates (Lmxl expression) 
on underlying cells. In the absence of this dorsalizing sig- 
nal, a ventral pattern emerges. It remains possible, how- 
ever, that normally there are instructive signals from the 
ventral ectoderm that are overcome by expression of Lmxl 
ventrally. 
Our experiments, together with those of Parr and Mc- 
Mahon (1995), show that WNT7a is an important mediator 
of the ectodermal regulation of DV pattern during limb 
outgrowth. The loss of WNT7a function in mice, however, 
causes an incomplete ventralization of the limb, affecting 
primarily the patterning of distal structures (Parr and 
McMahon, 1995). This could indicate that other factors, 
partially redundant with Wnt7a, induce Lmxl proximally, 
or alternatively, that there is a DV prepattern in the meso- 
derm prior to the influence of the ectoderm. Consistent 
with this latter interpretation, grafting experiments have 
provided evidence that at stage 14, prior to Lmxl expres- 
sion, the mesoderm has an intrinsic DV polarity that is 
involved in establishing the polarity of overlying ectoderm 
(Geduspan and MacCabe, 1987). The nature of this postu- 
lated early signal that derives from the mesoderm and the 
extent of prepattern in the mesoderm prior to the expres- 
sion of Lmxl remain unclear. 
DV Patterning in Vertebrate and Insects Limbs 
WNT7a and LMXl appear to be key components in a mo- 
lecular pathway that establishes DV pattern in the verte- 
brate limb. Given certain similarities in the signaling path- 
ways used in anteroposterior patterning in Drosophila and 
vertebrate appendages (for review see Perrimon, 1995), 
it is worth considering the extent to which the strategies 
used to establish DV patterning in vertebrate and inverte- 
brate appendages are conserved. wingless (wg), a Dro- 
sophila Wnt gene, is known to direct DV patterning during 
fly appendage formation (Baker, 1988; Couso et al., 1993; 
Struhl and Basler, 1993, Wilder and Perrimon, 1995), and 
a Drosophila LIM homeobox gene, apterous (ap), is re- 
quired for DV compartmentalization and for the specifica- 
tion of dorsal cell fate in the wing (Williams et al., 1993; 
Diaz-Benjumea and Cohen, 1993; Blair, 1995). Based on 
its expression pattern and the consequences of its misex- 
pression, the LIM homeobox gene Lmxl appears to play 
a role in vertebrate limb development similar to that of ap 
in Drosophila. 
The serial nature of the pathway between WNT signals 
and LIM homeobox genes in the generation of dorsal limb 
pattern in vertebrates is not, however, conserved in flies. 
In early wing imaginal disc development, wg is expressed 
ventrally and ap is expressed dorsally. Furthermore, WG 
represses ap expression (Williams et al., 1993) whereas 
WNT7a induces Lmxl expression. 
An additional similarity between chick and fly limbdevel- 
opment is that alterations in the expression of either ap 
or Lmxl can cause limb outgrowths. In flies, the loss of 
ap in small clones in the wing leads to outgrowths, a pheno- 
type that is, in some ways, mimicked by ectopic Lmxl 
expression near the DV border. However, in addition to 
the fact that one experiment deals with a loss of funtion 
and the other a gain of function, the outgrowths are differ- 
ent: Lmxl alters anterioposterior pattern, while ap does 
not. Thus, structurally similar classes of proteins appear 
to regulate DV patterning in the two systems, but there 
are important differences in the regulatory circuits within 
which they are used. Some of these differences may re- 
flect the fact that, in vertebrates, patterning in the limb is 
coordinated through interactions between ectodermal and 
mesodermal tissue layers, whereas in flies, appendages 
emerge solely from interactions within a two-dimensional 
ectodermal sheet. 
Conclusions 
Secreted signaling molecules involved in establishing 
anteroposterior and proximodistal limb pattern have been 
identified (SHH and FGFs, respectively). WNT7a appears 
to serve a similar signaling function, since it is necessary 
and sufficient to regulate DV patterning. Downstream tar- 
get genes for SHH and FGFs have also been identified 
(notably the Hox genes); however, none of these target 
nuclear proteins has been shown unequivocally to mediate 
the specification of anteroposterior or proximodistal axes 
in response to secreted signals. In contrast, Lmxl appears 
to possess this ability along the DV axis, since its expres- 
sion is sufficient to impose dorsal pattern on prospective 
ventral limb mesenchyme. The identification of a signal, 
WNT7a, and a key target, LMXl, thus provides the basis 
for a more detailed dissection of pattern formation along 
the DV axis of the vertebrate limb. 
Experimental Procedures 
Isolation of the cDNAs 
A 550 bp fragment of the 3’ coding region of Lmxl was isolated from 
E6 chick spinal cord cDNA using RT-PCR with degenerate primers 
based on hamster Lmxl sequence (German et al., 1992). This frag- 
ment was then used to screen an E5-11 chick spinal cord cDNA library 
(Tsuchida et al., 1994). The entire Lmxl coding region has been iso- 
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lated. A 500 bp fragment of Wnf7a was isolated from a stage 21 chick 
limb bud cDNA library using RT-PCR. The primers were based on 
those used by Gavin et al. (1990). 
In Situ Hybridization 
For analysis of sections, chick embryos were harvested from Ham- 
burger-Hamilton (1951) stages 14-23, fixed in 4% paraformaldehyde, 
0.1 M phosphate buffer(PB), embedded in paraffin, and then sectioned 
at 7 Wm. %i probes for chick Wnt7a or for Lmxl wlsre hybridized as 
described by Tessarollo et al. (1992). The PCR fragments for Lmxl 
and Wnt7a were used to generate cRNA probes. Sections were photo- 
graphed using a Zeiss Axiophot microscope, and photographs were 
prepared using Adobe Photoshop (Adobe, Mountainview, CA). For 
whole-mount in situ analysis, the protocol and desclription of the Shh 
probes have been described previously (Riddle et al., 1993). 
Viral Construction and Infection Protocols 
RCAS-Lmxl contains a chick Lmxl cDNA spanning the entire coding 
region. The cDNA was cloned into the shuttle vector SLAX-13 (Riddle 
et al., 1993) and then subcloned into retroviral vector RCAS(BP)A 
(Hughes et al., 1987). RCAS-Wnt7a contained a mouse cDNA con- 
taining the entire coding region (Parr et al., 1993; Gavin et al., 1990). 
Wnt7a was subcloned into SLAX-13 and then subcloned into RCAS 
(BP)A for in ovo studies and into RCAS(BP)E for in vitro assays (Fekete 
and Cepko, 1993; Riddle et al., 1993). RCAS(BP)E contains an E-type 
envelope protein that is unable to infect the limb bud explants of strain 
SSPF-I embryos (SPAFAS, Norwich, CT). Thechick embryofibroblast 
line I.581 (USDA, East Lansing, Ml) can be infected by RCAS(BP)E. 
To generate embryos with completely infected limb mesoderm, 
stage 8-10 embryos were infected with RCAS-Lmxl virus as de- 
scribed by Morgan et al. (1992), with modifications. To target RCAS- 
Wnr7a virus to the ectoderm, the embryos were injected at stage 18, 
with care taken to pierce only the vitelline membrane and layer a pool 
of virus on top of the ectoderm. 
Antibody Production 
A fusion protein containing the portion of Lmxl corresponding to the 
LIM- and homeodomains was made using the pQE32 expression sys- 
tem (QIAGEN, Chatsworth, CA). This fusion protein was used to immu- 
nize mice, and a monoclonal antibody (50.5A5) was generated. 
Antibody Staining 
LMXl protein was detected by whole-mount immunohistochemistry 
(Dent et al., 1989) with the monoclonal antibody 50.5A5. For detection 
on tissue sections, samples were processed according to Yamada et 
al. (1993). Monoclonal antibody 50.5A5 was used at a 1:40 dilution in 
PBS, 1% goat serum, 0.1% Triton X-100. 
In Vitro Culture of Limb Buds 
Stage 20-21 embryos were collected in L-15 at 4°C. The entlre hind- 
limb region was isolated and cultured in vitro. For ectoderm removal, 
the explants were incubated for 30 min at 37% in 1% EDTA in calcium- 
and magnesium-free PBS. After washing in L-15 containing 1% fetal 
calf serum, the dorsal ectoderm or the whole ectodermal jacket of the 
limb bud was removed. The explants were embeddeld in a collagen 
matrix (Yamada et al., 1993) and cultured for 36 hr. In other experi- 
ments, limb bud explants were cultured on a monolayer of 1581 
chicken fibroblasts transfected with RCAS-E-Wnt7a vector (Riddle et 
al., 1993) or on untransfected 1581 cells as a contml. The culture 
medium contained DMEM, 1% chicken serum, N3 antibiotics (Yamada 
et al., 1993), 50 nglml IGF-1, 50 nglml bFGF. The explantswere fixed 
in 4% paraformaldehyde in 0.1 M PB for 1 hr at 4’C, washed in cold 
PBS for 1 hr, and equilibrated in 30% sucrose in 0.1 M PB overnight 
at 4OC and orocessed for immunohistochemistry (see above). 
Histology 
Embryos were harvested at El0 and fixed in Bouin’s fixative. Both 
normal and infected limbs were sectioned in paraffin and stained with 
Mallory’s trichome. Histology was performed on 12 pm sections as 
described by Humason (1972). 
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